Antillean manatees (Trichechus manatus manatus), a subspecies of the West Indian manatee, is listed as endangered species in the Red List of Threatened Species of the International Union for Conservation of Nature. The aims of this research were to survey on the possible regional genetic structure in the southern Gulf of Mexico and to compare genetic status of a landlocked population in Laguna de las Ilusiones (IL) with individuals from localities with no barriers to displacement and breed (open population [OP]). We analyzed 45 manatee skin samples collected from different locations in Tabasco (n ¼ 38, including 19 from IL), Veracruz (n ¼ 3), Campeche (n ¼ 2), and Chiapas (n ¼ 2). The genomic DNA was isolated and PCR amplifications were performed for each sample using 28 microsatellite loci, previously designed for West Indian manatees and described as polymorphic for this species. Two clusters (k ¼ 2) were identified by STRUCTURE. The analysis of both a priori populations (IL and OP) indicate that the global values of F ST and R ST (F ST ¼0.049, R ST ¼0.077) were significant. The H E for IL was 0.38 AE 0.03 and for OP was 0.49 AE 0.01. The average number of alleles N A for IL was 2.21 AE 0.09 and for OP was 2.32 AE 0.09. The overall inbreeding coefficient was F IS ¼À0.013 for analyzed populations. Genetic diversity was low. The IL population had slightly lower genetic diversity compared with OP, which could be explained by isolation of that small group, so conservation plans for IL should be considered as priority.
Introduction
Determining population structure in large mammals is important to facilitate the effective conservation management and help advance our understanding of the mechanisms that drive the evolution of populations (Hoelzer, Wallman, & Melnick, 1998) . Microsatellites had been used to differentiate between stocks of manatees and to achieve alternative estimates of genetic diversity. Antillean manatees (Trichechus manatus manatus), a subspecies of the West Indian manatee, is listed as endangered species in the Red List of Threatened Species of the International Union for Conservation of Nature (SelfSullivan & Mignucci-Giannoni, 2008) . It is suspected that habitat degradation and other anthropogenic threats have driven native manatee populations to be considered as endangered in Mexico (Secretar ıa de Medio Naturales Ambiente y Recursos [SEMARNAT] , 2010); however, knowledge on manatee status and habitat requirements in Mexico is still scarce. Previous genetic studies have defined two populations in Mexico, the Gulf of Mexico and the southeastern Yucatan peninsula, and suggest that the Caribbean coasts may benefit from higher gene flow from neighboring populations in Belize and Florida, where the Gulf of Mexico is more isolated (Nourisson et al., 2011) .
The southern Gulf of Mexico is a complex habitat for manatees, which inhabits mostly freshwater systems on extensive flood plains (Lefebvre, Marmontel, Reid, Rathbun, & Domning, 2001 ). Populations of manatees in this region are considered to be 1,000-1,500 individuals (United Nations Environment Programme, 2010), based on the best guessed estimation by specialists, but recent effort suggest that this is an overestimate (Puc-Carrasco, Morales-Vela, Olivera-Gomez, & Gonza´lez-Solis, 2017). The riverine environment is not homogeneous, and manatees seems to be more associated with lake systems connected to main rivers by secondary waterways, which involve seasonal movements in and out of these systems, following flood pulses (Puc-Carrasco, Olivera-G omez, ArriagaHernandez, & Jimenez-Dominguez, 2016) . This seasonal movement promotes discrete groups of manatees along the Usumacinta and Grijalva rivers, the largest regional river basins. Information on the population structure of manatees in Southern Gulf of Mexico by Nourisson et al. (2011) is not conclusive and suggests that more samples for this region are necessary to accurately identify the genetic structure of the population as a whole.
Natural and man-made modifications to the hydrology of particular areas have created isolated groups of manatees, as well as translocation efforts of individuals into closed lakes with touristic and waterway management intentions. The genetic health of these isolated populations is a matter of concern due to the small number of individuals and the time they have been isolated. One of these isolated populations is located in "Laguna de las Ilusiones" (IL), an area that was originally connected to the Carrizal River but access is no longer possible due to construction of a dam 40 years ago, preventing manatee movement in and out of the lake. After IL was landlocked, wild manatees from other areas were rescued and released into IL, as we know from "anecdotic" talks with people inhabited the lake borders, but they failed to provide exact dates and there are not any published record from environmental authorities. As far as we know, no new animals were translocated into the lake in the last 20 years. The extension of the 219 ha lake made this population of 18 to 39 manatees isolated and without proper management (Pablo-Rodr ıguez & Olivera-G omez, 2012; Pe´rez-Garduza, 2013) . Direct urban pressure on the IL population (Arag on-Mart ınez, Olivera-G omez, & Jimenez-Dominguez, 2014 ) and concern about the health and fitness of the manatees provided an opportunity to conduct a survey of the genetic diversity of this population and compare the findings with opportunistic samples collected from wild manatees from other localities throughout the southern Gulf of Mexico.
The aims of this research were to survey the fine-scale regional genetic structure of manatees based on all the available samples and compare the genetic status of the wild OP in the southern Gulf of Mexico with the landlocked population of IL. This information will serve as a baseline for management strategies and to discuss potential threats.
Methods

Sampling
We analyzed 45 manatee samples of T. m. manatus collected from different locations in Tabasco (n ¼ 38), Veracruz (n ¼ 3), Campeche (n ¼ 2), and Chiapas (n ¼ 2; Figure 1 ). Skin samples, collected between 2006 and 2015, were used for DNA isolation. Small skin samples were taken from the tip of the caudal tail during health assessments of live manatees captured for radio tagging and from recently dead individuals. Samples were separated into two groups according to their origin. The first group corresponds to individuals from "IL" (n ¼ 19), a landlocked lake located within the urbanized area of the city of Villahermosa (Figure 1(b) ) where a small closed population (Pe´rez-Garduza, 2013) was isolated from the rest of the regional manatee population several decades ago. Animals in IL were most likely come from nearby areas in Tabasco, but their real origin is unknown. IL was not considered a priori as a genetically isolated population but spatially isolated. The second group of samples was taken from manatees in areas where there are no fixed barriers to displacement, so considered an OP (n ¼ 26). We assumed that animals from this OP can move and breed freely along the study region.
Genomic DNA Extraction and Microsatellite Genotyping
The genomic DNA was isolated using QIAGEN'S DNeasy Blood and Tissue DNA Isolation kits (Valencia, CA, USA). Polymerase chain reaction (PCR) amplifications were performed for each sample using 28 microsatellite loci, previously designed for West Indian manatees and described as polymorphic: TmaH13 (Nourisson et al., 2011; Pause et al., 2007) , TmaE14 (Nourisson et al., 2011; Pause et al., 2007) , and TmaSC5 (Pause et al., 2007) . The annealing temperature (Tm) was modified for the following microsatellites loci: TmaE02, TmaE26, TmaM79 Amplifications were performed in a total volume of 22 mL, with 20 ng template DNA, 15 mL Platinum V R PCR SuperMix (22 U/mL recombinant Taq DNA polymerase with Platinum V R Taq Antibody, 22 mM Tris-HCl [pH 8.4], 55 mM KCl, 1.65 mM MgCl2, 220 mM dGTP, 220 mM dATP, 220 mM dTTP, 220 mM dCTP, and stabilizers; Invitrogen), and 200 nM per primer. To visualize the PCR products, 2% agarose gel electrophoresis, stained with ethidium bromide, was used (Barril & Nates, 2012; Porras Murillo, Bolaños Montero, & Barr, 2008) . Gels were photo-documented using Molecular Imager V R Gel Doc TM (Bio-Rad). The positive bands were analyzed using the automatic gel documentation and image analyzer UVband software (UVITEC, UK; Yazdian-Robati et al., 2015) . In a random subsample, we verified number of alleles by automatic electrophoresis (Experion-Bio-Rad) and we found the same pattern than using conventional agarose gel electrophoresis. We compared our results with those of Nourisson et al. (2011) , resulting in similar number of alleles. Noninformative loci were eliminated for posterior analysis.
Data Analysis
Genetic structure. The software STRUCTURE v2.3.1 (Pritchard, Stephens, & Donnelly, 2000) was used to identify the genetic subdivision of manatee populations in Tabasco. The Admixture model was applied; the number of populations (K ) was set from 1 to 5 with a burn-in period of 100,000 reiterations followed by 1,000,000 Markow chain Monte Carlo (MCMC) iterations. The most probable number of populations, K, was determined using STRUCTURE HARVESTER (Earl & vonHoldt, 2011) . The global values of genetic differentiation F ST , as well pair wise F ST and R ST values, were calculated with GENALEX 6.502 (Peakall & Smouse, 2006) using an analysis of molecular variance. To identify possible bottleneck events, the null hypothesis was tested for excess of heterozygosity using BOTTLENECK Software 1.2.02 (Cornuet & Luikart, 1996; Piry, Luikart, & Cornuet, 1999) , applying the Wilcoxon test for one tail under two models: stepwise mutation model (SMM) and the two-phase mutation model (TPM).
Genetic diversity. For genetic diversity, allelic richness (N A ), effective population size (N E ), observed heterozygosity (H O ), expected heterozygosity (H E ), inbreeding coefficient (F IS ), the deviation from Hardy-Weinberg equilibrium, and linkage disequilibrium were estimated using GENALEX 6.502 (Peakall & Smouse, 2006) and GENEPOP 4.0.10 (Raymond & Rousset, 1995) . The presence of null alleles and the index of the polymorphic content were estimated with CERVUS v. 3.0.7 (Kalinowski, Taper, & Marshall, 2007) .
Results
All 45 samples from manatee skin tissue were used to isolate genomic DNA. Each sample was successfully amplified for 28 microsatellite loci and, from these, 67 alleles were obtained. Genetic diversity estimates obtained with software GENALEX 6.502 and GENEPOP 4.0.10 yield similar results. Therefore, we only present the results obtained from GENALEX 6.502 (Table 1) , because of the extended use of this program in genetic diversity studies.
Genetic Structure
Two clusters (k ¼ 2) were identified by the program STRUCTURE 2.3.4 as the appropriate number of clusters for assignment (Figure 2(a) ). Figure 2( (Frankham, Ballou, & Briscoe, 2004; Freeland, 2005) . A significant heterozygote excess was found in IL (Wilcoxon signed rank test, P TPM ¼ 0.006 and P SMM ¼ 0.031) and OP (P TPM and P SMM <0.001) on the basis of mutational models. In IL, a strong normal L-shaped distribution was fitted.
Genetic Diversity
Values of average number of different alleles (N A ), average number of effective alleles (N E ), observed heterozygosity (H O ), and expected heterozygosity (H E ) estimated by GENALEX 6.502 for each group and for the entire region, are presented in Table 1 . All microsatellite loci were not significant for Hardy-Weinberg equilibrium. No linkage disequilibrium was detected. The overall inbreeding coefficient F IS ¼À0.013 was low but significant. Error proportion was estimated by the verification of 12% of samples using automatic electrophoresis and no error was found. Null alleles were not observed in any of the analyzed groups. Average polymorphism information content (PIC) was 0.372, with locus TmaFWCL15 (Tringali et al., 2008) which had the higher PIC (0.560) and locus TmaJ02 (Nourisson et al., 2011; Pause et al., 2007) which had the lowest PIC (0.192).
Discussion
Manatees were historically harvested in the southern Gulf of Mexico since pre-Hispanic times, but important hunting began in the colony and continued into 1920s. Tabasco was also important for oil and gas extraction since the 1940s, both along the shore and inland at areas associated with wetland productivity, which caused heavy changes in land use and in the hydrological drainage network. Cold fronts north of Veracruz and Tamaulipas in Mexico and in Texas in the USA could act as a barrier of dispersion to and from northern Gulf of Mexico resulting in movements of manatees favoring eastward travel into the Yucatan Peninsula and along the Caribbean coast. Nourisson et al. (2011) estimated limited genetic mixing with individuals from the Mexican Caribbean population, resulting in the southern Gulf of Mexico as a possible source of individuals to prevent extensive inbreeding. Currently, the Antillean manatees from Tabasco, in the southern Gulf of Mexico coastal plain, is associated mainly with the Grijalva and Usumacinta river basins (Colmenero & Hoz-Zavala, 1986; Jime´nez-Dom ınguez & Olivera-G omez, 2014 ). This region is thought to host the largest manatee population in Mexico (Marsh, O'Shea, & Reynolds III, 2011) . Unfortunately, genetic diversity in this population is lower when compared to that of the Caribbean coasts of Mexico (Nourisson et al., 2011) .
Genetic diversity increases the chance of populations to adapt to environmental changes (Geffen, Luikart, & Waples, 2007) . In this study, the genetic diversity, estimated on the heterozygosity and the number of alleles, was low (Table 1) . Table 2 presents a comparison of this study with the results of previous works on West Indian manatees. The average expected heterozygosity was lower, although not significant, than that reported for manatees in Belize (Hunter et al., 2010) , for all of Mexico (Nourisson, 2011) , Florida (Pause Tucker et al., 2012) , and Puerto Rico . The expected heterozygosity in this study was similar to the number estimated by Nourisson et al. (2011) for the Gulf of Mexico, but lesser than what they estimated for the Mexican Caribbean, however, despite the fact that we used common loci, the total number of loci detected was different. In general, manatee heterozygosity had been lower than that from placental mammals (Garner, Rachlow, & Hicks, 2005) and from threatened mammals (DiBattista, 2008) . The number of average alleles (N A ) observed was similar (Table 2) , compared with studies on Florida and Antillean manatees from Belize and the Mexican Caribbean. In the Caribbean coasts, it increases the chance to account for more alleles shared with other Caribbean or Central America populations and even Florida. In the Gulf of Mexico, however, the average number of alleles was similar to that of the previous study (Nourisson et al., 2011) . By specific loci, we have the same number of alleles at nine loci, and we have even more in some of the others. Furthermore, low diversity is also reported using mtDNA from manatees in Mexico (Castañeda & Morales-Vela, 2005; Garc ıa-Rodr ıguez et al., 1998; Vianna et al., 2006) .
Low genetic diversity in the Gulf of Mexico could be attributed to past bottleneck events even following historic hunting, habitat loss (Lefebvre et al., 2001) , and low gene flow among populations (Nourisson et al., 2011) . This could also be observed in the global values of F IS which imply a low but significant level of inbreeding. The difference in H E from OP and IL was important, approximately 0.1, considering that these are animals from the same geographic area and the time of isolation, which could be attributed to a founder effect, or it also could be derived by the process of isolation in the small population of IL. These isolated populations present a greater risk of loss of genetic diversity, as well as potential for extinction (Frankham, Bradshaw, & Brook, 2014) . Therefore, the management of manatees in IL is critical and hence inbreeding is likely to be very different from the rest of the region.
Examining the samples from IL and the OP, we identified a bottleneck effect in both groups, suggesting that this effect in IL is derived from the founder individuals that were introduced from the OP population that was already under bottleneck effect as well. Nourisson et al. (2011) also detected recent bottleneck events in manatees from the Gulf of Mexico, and Hunter et al. (2012) discovered a possible bottleneck for manatees examined from Puerto Rico. Bottlenecks have been reported in other mammal populations, such as Ursus arctos (Xenikoudakis et al., 2015) and Panthera onca (Roques et al., 2016) , attributed to recent anthropogenic influences upon natural distribution and isolation events. Contrastingly, Gonza´lez-Sua´rez, Aurioles-Gamboa, and Gerber (2010) found no evidence of a bottleneck in Zalophus californianus despite high hunting pressure from the past. And most notable is the case of the elephant seal where they recovered from a practically extinct population from Isla Guadalupe, Baja California, Mexico, to the current population of 225,000 animals, with little evidence of loss of fitness (Abad ıa-Cardoso, Freimer, Deiner, & Garza, 2017) . However, they suggested that social structure, fitness, and population dynamics could have affected their findings. Although still under research, manatees in this region appear to be associated with specific river-lake systems adjacent to large rivers (Puc-Carrasco et al., 2017) , where females have discovered localities that offered food and shelter to their calves and they continue to use those sites in a fashion of temporal movements in and out of the lake systems following flood pulses. This behavior is acting against large-scale dispersal of individuals and promoting regional bottlenecks that promote limited genetic flow.
The Grijalva and Usumacinta river basins are connected to each other nearly 12 km from the coast line forcing more interchange between individuals than they would have in other river basins along the coastal plain. In a healthy population, manatees need to travel along the high energy coast, with limited submerged vegetation because of plumes and siltation discharge of large rivers. We identified two genetic clusters in our samples (Figure 2 ) which indicate more structure in the region when compared with Nourisson et al. (2011) .
The few samples we had from Veracruz and Campeche (n ¼ 5) are from the red cluster, with ancestry levels in STRUCTURE higher than 0.9. This genetic cluster was also found in some samples from the most coastal sites of Tabasco, but high ancestry of this cluster is shown in individuals from Catazaja´Lake in northern Chiapas and one individual from the upper Usumacinta River. In Las Ilusiones Lake, we found a mixed ancestry in the individuals, which suggest that the previous translocation of individuals occurred with individuals from several source populations.
There are just a few reports of sightings of manatees along the coast in the southern Gulf of Mexico and came from sparse opportunistic observations by local fishermen, park guards, or researchers working in other In killer whales, from northeastern Pacific, genetic studies clearly differentiated between two ecotypes, transients and residents, which have been separated by diet and predatory behavior, even when they are currently sympatric (Hoelzel, Dahlheim, & Stern, 1998; Morin et al., 2010; Moura et al., 2015) . In Florida, despite having evidences to winter separate between management units along the east and west coasts, genetic differentiation was weak (Pause Tucker et al., 2012) .
Implications for Conservation
The origin of individuals within the IL is not clear; if they were occupying the lake when it was landlocked or if they were introduced from other sites, the original number of the population is unknown. The best population estimate in this lake today produced a range of 18 to 39 individuals (Pe´rez-Garduza, 2013) . In IL, we identified slightly lower genetic diversity compared with OP, which could be explained by isolation. The amount of time of isolation in IL population is not known but estimated to be only three to four decades (Pablo-Rodr ıguez & Olivera-G omez, 2012). In the Florida subspecies (T. manatus latirostris), the generation time is estimated in a range of 16 to 23 years (Haubold, Deutsch, & Fonnesbeck, 2006; Marmontel, O'Shea, Kochman, & Humphrey, 1996) , where it would not likely be enough time to produce high levels of random genetic differentiation. However, as we include samples from animals from all ages, we have mixed generations in the study. Without alleles from new individuals, and if habitat quality decreased in this lake, genetic problems will be more evident in the future. Therefore, based on our findings, IL-specific management actions should be addressed to assure survival and fitness of this small isolated manatee population. The first step could be the decision of keeping this isolated population as it currently exists or translocate all the individuals to other areas. However, the younger individuals, with the red cluster genetic profile or with a higher number of alleles, could be introduced into the lake system. For OP, a travel corridor would help insure gene flow within river basins and among other basins to protect the species and promote increased genetic diversity. Access from the sea coast to large river basins could be restored with considerations to promote health genetic population management and involve local human communities in conservation actions.
